ABSTRACT: Features of overall swash climate were examined over a range of beaches including reflectlve, intermediate and dissipative types. Both reflective and dissipative beaches have swashes, wlth respectively short and long penods, that cross the effluent h e or groundwater table outcrop a t all states of the tlde. Intermediate beaches experience more swashes crossing the effluent line at hlgh tide. Total swash upwash is greatest on intermediate beaches whereas the frequency of upwashes reaching unsaturated sand above the effluent line is greatest on reflective beaches. The 3 beach types are well separated on the basis of total upwash distance as a percentage of intertidal distance, this being 95 to 125 % on reflective beaches, 25 to 55 % on intermediate and 7 to 35 % on dissipative beaches. Similarly, reflective beaches are marked by 2 to 5 effluent line crossings min-' as opposed to 0 to 2 for intermediate and 0 to 1 for dissipative beaches. Many features of swash climate show good correlations with beach slope and morphodynamic state but not with wave energy. All beach types exhibit similar proportions of saturated vs unsaturated sand, this being 5 to 30 O/O at low tide and 80 to 95 O/O at high tide. It 1s concluded that changes in the dynamics of the effluent line and swash climate from reflective to dissipative beach types may be responsible for changes in interstihal conditions and the types of macrofauna inhabiting the different beaches.
INTRODUCTION
The dynamics and position of the effluent line, which separates saturated and unsaturated sand, on sandy beaches are of great importance both physically and ecologically in that they can determine the extent of swash water filtration through a particular beach (McLachlan 1982) and the point above which macrofauna are unable to burrow. The surface of the beach face downshore of the effluent line is saturated, giving the 'glassy layer' common to sandy beaches. The swash is able to penetrate the beach face only when it flows over unsaturated sand above the effluent line. This infiltration of the swash into the sand creates a localised rise in the water table level, and hence the effluent line moves up the beach face (Waddel 1976) . Seepage causes a corresponding fall of the water table and a retreat of the effluent line down the beach, though there is a time lag in both of these responses. Individual swashes cause water table fluctuations in the immediate vicinity of the swash zone whereas long standing waves or tides are of larger magnitude and are transmitted further into the beach (Waddel 1976) . Further information on these swash zones is given in McArdle & McLachlan (in press).
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The mechanism and measurement of swash water filtration were first described by h e d l (1971) and Riedl & Machan (1972) , who showed it to be significant in processing large volumes of seawater through sandy beaches. Subsequently, McLachlan (1979 McLachlan ( , 1982 McLachlan ( , 1989 and McLachlan et al. (1985) quantified these inputs over a range of beaches in South Africa, Western Australia and North America. The general trend is an increase in the volume of water filtered and a decrease in residence time from flat dissipative to steep reflective beaches. Further, the primary driving force changes from tide-induced to wave-induced. Infiltration only occurs above the effluent line or saturated sand and thus reflective beaches with effluent lines and water tables at low tidal levels filter the greatest volumes. Central to thls model is the slope as key distinguishing feature between beach types (McLachlan 1990) .
Both the interstitial fauna and the macrofauna of sandy beaches are directly affected by the swash processes: the former by infiltration, which is responsible for flushlng oxygen and organics into the sand (McIntyre et al. 1970) , and the latter by the swash dynamics and the position of the effluent line, which influence tidal migrations and burrowing (Shepherd 1985 , McLachlan 1990 . The macrofauna occupy a dynamic habitat and the position of the effluent line is of particular importance to burrowing organisms such as the bivalves Donax and Bullia spp. Donax spp. for example, are unable to burrow into unsaturated sand (Ansell & Trueman 1973) . The position of the effluent line, therefore, limits their tidal migration.
Research on the intertidal zonation of macrofauna on sandy beaches has attempted to isolate the factors affecting the distribution of macrofauna (Salvat 1964 , 1966 , 1967 , Bally 1983 . However, the distribution and abundance of macrofauna have not been related to the dynamic properties of a sandy beach, with the exception of the study of Shepherd (1985) . He examined the distribution of the southern mole crab Hippa australis in relation to tide, incident waves and swash interactions, as well as to changes in beach face morphology. Ansell & Trueman (1973) linked the burial speed of Donax spp. to the swash period. On steep beaches with short swash periods Donax spp. tend to adopt a much faster burial rate than on more gently sloping beaches. Bally (1983) and McLachlan (1983) attempted to compile a general picture of how abundance and diversity were linked with the dynamics or morphodynamics of sandy beaches. McLachlan et al. (1981) obtained significant correlations between macrofauna species richness and abundances and both grain size and beach slope. In a more recent study, McLachlan (1990) expanded this to a global model and concluded that the type of fauna developing on a beach is primarily determined by the total swash 'climate' of the beach face.
The aim of the present study was to quantify the dynamics of the effluent Line in association with general swash characteristics over a tidal cycle for a range of beach types. We also hoped to demonstrate the relationship between the swash climate and the dynamics of the effluent line with changing physical conditions, and to assess the proportion of saturated or unsaturated beach at different stages of the tide. It was hoped that the findings of this study would explain some of the variation of beach macrofauna community structure. A previous paper (McArdle & McLachlan in press) concentrated on individual swashes; here we examine the total swash patterns.
STUDY AREAS
Beaches. Field data were collected in 2 geographical areas -southern Africa and the west coast of the USA. Detailed information of study sites is included in McArdle & McLachlan (in press being the more exposed of the 2 sites. SR is located in Algoa Bay and is subjected to strong wave action with waves breaking 200 to 300 m offshore (Wendt & McLachlan 1985) . South African tides are semidiurnal with a mean spring range of 1.6 m (McLachlan et al. 1981 ) and a maximum of 2.1 m. The beaches on the Oregon coast in the northwest USA are modally dissipative, facing directly into the North Pacific. Threemile Beach (TM) is a very exposed beach and Whisky Run (WR) less exposed, both situated in southern Oregon. Tides are mixed, with a maximum daily range of 3.6 m and a mean range of about 2 m (Komar et al. 1976 ).
METHODS
At each site a transect was set up perpendcular to the shoreline. The limits of the transect were the previous high water mark and a point below low water. Numbered poles 2 m long were erected at 5 m intervals and 1 m long poles at 1 m intervals. The swash was measured continuously for 15 min per hour over a tidal cycle (12 h) by recording the time and position of the swash line on the transect. The time and position at which swashes crossed the effluent line were also noted.
Concurrent with the swash measurements, wave height and period and wind speed and direction were recorded at hourly intervals. The beach profile was surveyed from high water to below low water and grain size analysis was carried out on samples from low, mid and high tide. Swash zone slope was calculated for each hour of the tidal cycle from the beach profile and swash limits for each period. Swash speed was estimated from stvash distance and time.
Swash profiles for 3 beaches representing the 3 main beach types were plotted to give a general view of the swash climate on each beach type. The data used in the rest of the study included the swash distance readings and the effluent line crossings. The variables used are listed below and will hereafter be referred to by their abbreviated titles. Upwash distance: the sum of upwash distances for all swashes.
Unsaturated upwash: the sum of the distances of the upwashes which occurred on unsaturated sand, i.e. above the effluent line.
% unsaturated upwash: total unsaturated upwash as a percentage of total upwash distance.
Upwash to intertidal: total upwash distance per minute as a percentage of the intertidal distance. The latter was calculated as the difference between the upper and lower limits of the swash during a particular tidal cycle.
Unsaturated upwash to intertidal: total upwash crossing unsaturated sand per minute as a percentage of the intertidal.
Effluent line crossings: number of times the upwash crossed the effluent line per minute.
The above variables were plotted against Dean's parameter (R; Dean 1973), beach slope and wave height. R is calculated using wave-sediment characteristics. This dimensionless parameter is defined as [wave height (cm)/settling velocity (cm S-') X wave period(s)]. Wright et al. (1982) have defined beaches in southern Australia as dissipative when R > 6, as intermediate when R is between 1 and 6 and as reflective when R < 1. The same criteria were used in this study with the exception that ST1, which had an R value of 1, was considered reflective, and TM2, with an R value of 6, was considered dissipative. The reason for this selection was that ST is reflective and TM dissipative most of the time. Linear, multiplicative, exponential and reciprocal regression models were fitted for each pair of variables. For consistency the linear model was selected in each case with the exception of 2 cases where other models provided significantly much better fits than linear models.
The percentage of unsaturated and saturated beach was calculated from the area of beach above or below the effluent line as plotted on the swash profiles for 5 beaches representing a range of beach states. The 5 beaches (ST1, BF2, SR2, TM2 and WR1) gave a range of R between 1.0 and 9.4. The effluent line in this case was taken as the leading edge of the swash. Fig. 1 illustrates the general trend in the swash profiles and effluent lines of beaches representing 3 morphodynamic types: reflective (STl), intermediate (SR2) and dissipative (WRI). Profiles for low, mid and high tide have been included except for ST1 and SR2, where mid tide values are omitted due to the overlap of the swash profiles with those from low and high tide. The reflective beach is characterised by short, frequent swashes (Fig. 1A) and an intertidal zone 30 m wide. The jagged curve shows the changing position of the boundary between the subaqueous and the subaerial parts of the beach. For example, on the ebb tide the line of outcrop of the water table slowly shifts seaward but is intermittently moved landward again when a swash runs further up the beach. The effluent line closely follows the upper swash profile, with most swashes either reaching or crossing the effluent line.
RESULTS
SR2, a n intermediate beach type (Fig. lB) , differs from the reflective beach in that the swashes are longer and less frequent and the intertidal zone is ca 90 m wide. The position of the effluent line appears to be more stable and is influenced by fewer swashes at high tide and none at low tide.
On the dissipative beach (Fig. 1C ) the swashes are longer and less frequent than on the other beaches and the intertidal is wider, in this case 270 m. The response of the effluent line is slow and it is crossed by few swashes. Swash crossings differ little between low and high tide.
'Upwash distance' ( Fig. 2A) is highest for intermediate beaches (26 to 46 m min-l) and lowest for dissipative beaches (12 to 30 m min-l). The high values for intermediate beaches are probably a result of both relatively long swashes and short swash periods. Although refelctive beaches are subjected to short swash periods of less than 12 s (McArdle & McLachlan in press) the individual upwash distances are short (mean = 6.5 m) and the overall distance therefore reduced. There does not appear to be a relationship between upwash distance and tidal state.
There is an increase in 'Unsaturated upwash' from dissipative through intermediate to reflective beaches (Fig. 2B) . The reflective beaches show great fluctuations, ranging from 3.3 to 6 m min-l, with no obvious relationship with tidal cycle, whereas there is a tendency for the unsaturated upwash to increase at high tide for both intermediate and dissipative beachesespecially the former. In the case of intermediate beaches the range during low tide is 0 to 3 m min-' and during high tide 3 to 6 m min-l. For dissipative beaches during low tide the range is 0 to 20 m min-' and during high tide 0.5 to 3 m min-l.
The 'O/ounsaturated upwash' (Fig. 2C ) follows a similar pattern to unsaturated upwash, with the possible exception that in Fig. 2C 'Unsaturated upwash to intertidal' shows a similar pattern to that of upwash to intertidal (Fig. 2E) . For reflective beaches values were recorded of 10 to 20 % , intermediate 0 to 7 O/ O and dissipative 0 to 2 %. Values were extremely small for dissipative beaches and increased towards reflective conditions. There was an increase over hlgh tide for intermediate beaches, probably due to the more reflective nature of the beach face at such times.
'Effluent line crossings' for reflective beaches range from 2.3 to 4 min-' (Fig. 2F ) with no correlation between number of crossings and state of tide. Values for intermediate beaches ranged from 0 to 2 min-', with an increase towards high tide. This pattern is more distinct if the data for each study per site are examined separately. For example, at BF1 there is a gradual increase from 0.07 min-' crossing at low tide through 0.8 min-' at mid tide to 1.5 min-' at high tide. The number of crossings for dissipative beaches (Fig. 2F ) was less than 1 min-' with a tendency to increase towards high tide.
When plotted against the reciprocal of slope (Fig. 3A  to F ) all of the swash variables (averaged over a tidal cycle) show a negative correlation in that as slope decreases so do the various swash measurements and effluent line crossings. With the exception of upwash distance correlation coefficient were greater than 0.86 for all variables, the maximum value of r being 0.96 for number of effluent line crossings (Fig. 3F) . These results are in contrast to those for individual swash readlngs where a decrease in slope results in an increase in the distance of an individual swash (McArdle & McLachlan in press).
When the swash and effluent variables are plotted against R (Fig. 3G to L) there is a slmilar pattern as for slope in that the more dissipative the beach the lower the swash readings and number of effluent crossings. Correlation coefficients of greater than 0.7 were obtained for all variables with the exception of total upwash distance (Fig. 3G ).
There was no significant correlation between wave height and upwash distance, unsaturated upwash or % unsaturated upwash (Fig. 3M to 0 ) . The highest correlation coefficient of 0.77 was obtained for effluent line crossings (Fig. 3R) .
The percentage of beach saturated at low, mid and high tide is plotted in Fig. 4 for beaches ST1, BF2, SR2, TM2 and WR1, which represent a range of Q values from 1.0 to 9.4. The percentage of beach which is saturated increases from low to high tide for all beaches as would b e expected due to the rise of the tide and the effluent line. The percentage of beach saturated is fairly constant across all beaches, i.e. 5 to 30 O/O at low tide and ca 80 to 95 % at high tide. Therefore, when calculated a s a percentage of intertidal distance, all beaches record a similar trend for unsaturated and saturated proportions, irrespective of morphodynamic state.
Plotting the area of beach unsaturated and saturated reveals a different pattern a s a consequence of the great differences in beach width (Fig. 5) . With the exception of BF2, there is a gradual increase in intertidal distance with increase in R , i.e. from reflective to dissipative conditions. There is, as in Fig. 4 , an increase in area of beach saturated from low to high tide for all beaches. On comparing the reflective ST1 and dissipative WRl during high tide, there is ca 12 times more beach saturated at WR1 than at ST1 (253 m2 
DISCUSSION
The independent variables which correlate best with the features of swash climate investigated in this paper were firstly beach slope and secondly Dean's parameter R. The advantage of using slope is that it can be measured simply with little error. However, it changes with wave climate, R is also reliable, but using wave period and wave height in its calculation induces some degree of error unless accurate wave data are available. Wave height on its own is not a reliable variable with which to estimate swash climate, a consequence of both the degree of error in estimating wave height and the variability that may occur even on one day.
Reflective, intermediate and dissipative beaches can be classified by various aspects of the swash climate, for example percentage of beach saturated at various states of the tide and number of effluent Line crossings. They can also be classified by physical parameters such as slope or R . Reflective beaches have short, frequent swashes, a narrow intertidal, a high frequency of swashes crossing the effluent line and a high percentage of upwash above the effluent line. Dissipative beaches have the reverse conditions, i.e. long, infrequent swashes and few effluent line crossings. Intermediate beaches fall between these 2 extremes.
The dynamics of the swash climate and the effluent line result in an increase in saturation of the beach from reflective to dissipative conditions and subsequently a decrease in the filtration of seawater through the sand, i.e. reflective beaches have maximum infiltration whereas dissipative beaches have low infiltration and high levels of saturation. These 2 factors, which are a direct result of the associated swash climate and beach slope, have major implications for the fauna. Dissipative beaches will have more stagnant interstitial conditions with lower oxygen tensions and steeper chemical gradients, whereas reflective beaches will have dynamic interstitial conditions with strong flushing, high oxygen and physical rather than chemical gradients. Bally (1981) , looking for trends in macrofauna distribution across a range of beaches, was not able to demonstrate any quantitative relationship or single out key parameters. McLachlan (1990) subsequently indicated that a number of variables influenced the fauna, but that regressions for R and slope showed a better fit than isolated factors such as particle size or wave action, the general conclusion being that the control of beach fauna is complex and determined by the overall morphology and dynamics of a beach.
Apart from air-breathing crustaceans around the drift Line, most sandy beach macrofauna are only active, and can only burrow, when on thixotropic sand, i.e. sand that is nearly or fully saturated. This occurs around and below the effluent line. The position of the effluent line at any point in the tidal cycle thus determines the proportion of the beach face on which active movement and foraging are possible. Towards the dissipative extreme the proportion and frequency of swash activity above the effluent line decreases, thereby reducing the risk of animals being swept or stranded above the effluent line where they may be unable to burrow. Thus the risks of living on an exposed beach may be reduced if the beach is flat and dissipative.
In this study and also McArdle & McLachlan (in press) the swash climate and dynamics of the effluent line have been quantified and correlations have been obtained between beach slope and effluent line crossings, and a number of swash variables. No macrofaunal data is available for the present study, but the results suggest that the good negative correlation between beach slope and species diversity and abundance of macrofauna (McLachlan 1990 ) is the result of the swash climate associated with beach type and not slope per se.
The new sandy beach environmental parameters mentioned in this study can indirectly be related to changes in macrofauna by combining the results of the present study with that of McLachlan (1990) . It is not possible to do direct correlation analysis between the swash and effluent line data in this paper and the faunal data of McLachlan (1990) , since the studies have only a minority of beaches in common and, further, a single beach may have different swash and effluent line patterns on different days in response to different wave conditions. However, a composite plot (Fig. 6 ) of some faunal parameters (species richness, total abundance and mean individual mass; after McLachlan 1990) swash periods (after McArdle & McLachlan in press) and effluent line crossings and % unsaturated upwash (this paper) against beach slope indicates the parallel trends in all cases. Species richness and total abundance of the benthic macrofauna increase and mean individual mass decreases as beaches become flatter and more dissipative with longer swash periods, fewer effluent line crossings, a smaller proportion of the upwash on unsaturated sand, etc.
The close relationships between all these parameters is not taken as proof of cause and effect relationships, but merely as an indication that as beach type and beach face slope change there are parallel changes in swash and beach face processes and in faunal size, abundance and diversity. Beach slope itself is not the direct cause of faunal changes -even the most sluggish molluscs experience no difficulty in ascending the "g'0pe) ), r2 = 0.90, n = 10 (this paper) steepest slopes of 1/10. It is a combination of the swash and beach face dynamics as a whole that influence the fauna. McLachlan (1990) argued that longer (in distance and period) swashes on dissipative beaches create conditions which are better for animals to move and feed. Mean swash periods for reflective (ST1) and dissipative (TM1) beaches were 12 S and 59 s respectively (McArdle & McLachlan in press). Molluscs subjected to swash periods of less than 10 to 20 S usually cannot respond fast enough in terms of burrowing time to burrow in between swashes, and are therefore in danger of being swept away or stranded on the drift line on reflective beaches (Brown 1982 , McLachlan & Young 1982 , Ansell & Trueman 1983 . Dissipative beaches are more conductive to slow burrowers and small, less robust species. In this study total upwash distance was great-est for intermediate beaches, which further suggests that it is not the overall upwash that is important to the fauna but swash distance and period.
Having identified the key parameters of the swash climate which may be conducive to an increase in species diversity and abundance over a range of beaches, it is important that isolated factors such as swash speed, swash period and beach slope be examined expenmentally to quantify the influence of each.
It is unlikely that a single feature of swash climate or beach face dynamics will explain all the faunal changes and adaptations encountered over a range of beach types. We expect that this suite of factors as a whole, the beach face 'climate' a s experienced by the macrofauna, will be important. This paper has examined one aspect of beach face 'climate', interactions between swash and the effluent line. Subsequent work will investigate faunal responses.
